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Abstract
The availability of sustainable safe drinking water is one of Millennium Development Goals To produce safe drinking water from natural waters, chemical pollutants and pathogens need to be removed. One effective natural way is the passage of surface water through soil, as is the case in bank filtration [1] [2] [3] [4] . The effectiveness of bank filtration to produce safe drinking water from natural waters depends on four major factors: (i) the extent of water pollution, (ii) the nature of the soil, (iii) the thickness of the soil or the travel distance within the soil, and (iv) the water flow rate or travel time. One can learn from nature and produce drinking water at small scale. For this purpose, it can be assumed that for a sufficient amount of any relevant treatment material in a filter, an adequate water flow rate will yield satisfactory contaminant mitigation. The reactive material can be (i) a natural material, (ii) a synthetic material or composites, or (iii) a mixture of materials. The material amount determines the thickness of reactive layer in the filter. The water flow rate determines travel time.
During the past three decades, treating water at the household level has been shown to be one of the most efficient means of preventing waterborne diseases world wide [5] [6] [7] [8] [9] [10] . Here are six examples for illustration: the use of (i) commercial filtration devices (e.g. Brita) mostly in 2   56   57   58   59   60   61   62   63   64   65   66   67   68   69   70   71   72   73   74   75   76   77   78   79   80 developed countries [11] [12] [13] , (ii) ceramic pot filters or Kosim filters in Ghana [14] , (iii) 3-Kolshi filters and SONO filters in Bangladesh [6, 15, 16] , (iv) Kanchan™ arsenic filters in Nepal [17, 18] , (v) Danvor plastic biosand filter [19] , and (vi) Potters for Peace Filtron ceramic filter [19, 20] . Promoting household water treatment and safe storage helps populations to actively take charge of their own water security. Therefore, providing people with the knowledge and affordable tools to treat their own drinking water at the point of use is a noble objective.
The present study aims at presenting a concept using metallic iron (Fe 0 ) as universal filter material for water treatment at the point of use (POU) in general and at household level in particular. The secondary objective is to demonstrate the suitability of Fe 0 for water treatment in remote locations of developing countries. In these regions, available water could be chemically safe (no geogenic or anthropogenic contamination). In this case, microbial contamination due to lack of sanitation and improper hygiene is the sole source of water contamination. Table 1 summarises some relevant water pathogens and related diseases [21] .
The presentation is based on the state-of-the-art knowledge on the mechanism of contaminant removal in the presence of Fe 0 (Fe 0 /H 2 O systems) which will be presented first. system should be considered as zone of precipitating iron oxides/hydroxides [37] . During this process expansive amorphous iron hydroxides are generated and further transformed by dehydration to more crystalline oxides (Tab. 2) [38, 39] . Accordingly, synthetic oxides are strictly "coatings" and hence, with respect to the processes that influence Fe 0 reactivity, they are "dead" [40] . Synthetic oxides can only act as contaminant adsorbents. Although synthetic oxides may be capable of simulating the properties of the deposited outer layers (at the layer/H 2 O interface), it is difficult to see how they can simulate the barrier layer (at the Fe 0 /layer interface -"reactive oxides"), whose defect concentration is normally far in excess of that which can be obtained in bulk oxides.
Mechanisms of contaminant removal in
"Reactive oxides" are better adsorbents and may co-precipitate contaminants during their formation and transformation to "dead oxides" [25, 35, 36, 42, 43] . "Dead oxides" are good adsorbents of limited and selective affinity to some contaminants. The consequence of this analysis is that Fe 0 can be regarded as a permanent source of highly reactive hydroxides ("reactive oxides") in a treatment system (statement 1). Statement 1 is the major argument on which the concept of Fe 0 /sand filters for universal access to safe drinking water is built.
A schematic illustration of the time-dependant evolution of iron corrosion products is given in and the corresponding volume of accumulated iron oxides [39] . In this work, mixing inert sand and Fe 0 is a practical tool to extent filter service life. It is expected that for any appropriate Fe 0 material, an optimal weight ratio sand/Fe 0 should exist for satisfactorily water treatment in the medium or long term (e.g. ≥ 12 months).
Water treatment by sand filtration
Promising strategies for providing people with access to safe water are available, but may not be suitable/affordable for areas of low population density with little perspective for economic growth (e.g. rural areas, [45, 46] ). It may further prove challenging to guarantee the quality of drinking water in these populations. Methods that allow the treatment of the water at the place where it is consumed (POU methods) may provide a low-cost, promising, easy and flexible solution for increasing drinking water quality in much of the population in need. Slow sand filtration is one of these methods.
Basic sand filtration
The earliest form of water treatment was slow sand filtration. [52, 53] . Lantagne et al. [5] summarized the drawbacks of the BSF as follows: (i) low rate of virus inactivation, (ii) lack of residual protection and removal of less than 100 percent of the bacteria, which leads to recontamination, (iii) current lack of studies proving health impact, and (iv) difficulty in transport and high initial cost, which make scalability more challenging. Accordingly the major problem with BSF is that complete pathogen removal can not be guaranteed. Therefore, if water can be successfully freed from pathogens within a sand filter, this technology can be 
Improved sand filtration
Recently, the Arsenic Biosand Filter (Kanchan TM Arsenic Filter -KAF) was developed and distributed in Nepal by Ngai et al. [17, 18] . The KAF is built on the platform of a slow sand 
Fe 0 /sand filters
The works of Dr. Manz yielded an efficient intermittent household-scale slow sand filtration system for "safe" drinking water [50] . Ngai et al. [18] further developed this system by adding small amount of metallic iron to optimize arsenic (and pathogen) removal. As a rule the nature and extent of water contamination in rural areas of developing countries is unknown [46] . However, despite the variability of the influents the system outputs have to be satisfactory. Based on the state-of-the-art knowledge on the mechanism of contaminant removal by Fe 0 /H 2 O systems, the used of metallic iron as universal material for safe drinking water has been suggested [55, 56] . The works of Ngai et al. [18] suggested that the amount of 
The innovation in Fe 0 /sand filters
People familiar with the problematic of arsenic contamination in Bangladesh and Nepal are aware that an effective Fe 0 /sand filtration system (3-Kolshi system) was abandoned because of loss of porosity of the system. A close look of the 3-Kolshi filtration system reveals that the top Kolshi was filled with 3 kg of cast iron and 2 kg of sand on top of the iron turnings [15] .
In other words the Kolshi with Fe 0 (here cast iron) contains a zone of 100 % Fe 0 overlying the sand layer. The 3-Kolshi filtration system was replaced by the SONO filter. Here, the primary active material is a porous composite iron matrix (CIM), a mass made of cast iron turnings through a proprietary process to maintain active CIM integrity for years [6, 16] . Again a 100 % layer of composite is sandwiched between two layers of (coarse) sand. The reported loss of porosity is necessarily coupled to the too high proportion of Fe 0 in the reactive zone (actually 100 %). Given the relative low concentration of arsenic in contaminated waters, this huge amount of Fe 0 (and possibly composite) is obviously unnecessary. As discussed above Fe 0 depletion should not occur. However, even the KAF of Ngai et al. [18] contains a 100 % layer of iron nails at the top of fine sand, coarse sand and gravel. The relative amount of iron nails in KAF was small compared to that of reactive materials in 3-Kolshi and SONO filtration systems and the KAF are efficient for several years [17] . Therefore, reducing the proportion of Fe 0 in the system is a sensible modification to maintain filter permeability for a long time.
The real novelty with the proposed Fe 0 /sand filters is that no 100 % Fe 0 will be available.
Rather, the Fe 0 reactive layer will be a mixture of at least 60 % sand, gravel or porous volcanic rocks and up to 40 % Fe 0 . The actual proportion of the Fe 0 will depend on its intrinsic reactivity and particle size. The advantage of porous volcanic rocks [57] [58] [59] is that generated iron hydroxides may fill their porous structure extending service life (or retarding loss of hydraulic conductivity). On the other hand, Fe 0 materials could be produced locally 9 [60] [61] [62] [63] or selected from available iron products (including production wastes and byproducts) such as nails rivets, nuts, bolts, barbed wire, packing wire, chicken wire mess, 
Potential beneficiaries of Fe

/sand filters
It is certain that Fe 0 /sand filters will accelerate the health gains associated with improved drinking water until the goal of universal access to piped, treated water is achieved [5] . Even after this hypothetical goal is achieved, the world will still have to face critical situations (e.g. [41, 65, 66] .
Material selection
Practically any available Fe 0 material (mainly low alloyed steel and cast iron) is theoretically applicable for water treatment. Ideally, any newly obtained Fe 0 material should be characterized and tested for water treatment capacity by a standard method. In using activated carbon for wastewater treatment for example, it is generally accepted that a good decolorizing carbon should fulfil at least 200 mg/g removal capacity for methylene blue in batch experiments [67] . Until recently, there was no experimental parameter to characterize the intrinsic reactivity of Fe 0 materials [68] [69] [70] . Noubactep [69, 70] has introduced a parameter, 
Filter designs
Basically, Fe 0 /sand filters are slow sand filters for intermittent use [49, 50] . Almost 130 years of experience is available for this type of system. The most recent developments are those of Kanchan TM Arsenic Filter [18] , SONO filters [6, 16] and Kosim filters [14] . These devices can be modified to use a Fe 0 /sand reactive layer as described above. Alternatively, new designs may be conceived based on local specifications [71] . Fig. 3 shows a cross-section of the filter design used by Chiew et al. [54] . Arsenic removal and bacterial removal units are illustrated. A potential shortcoming of this design is that the "arsenic removal unit" experiences wet and dry periods. In an improved design, the high of the outlet pipe should enable immersion of the Fe 0 layer.
In all cases the filters should be constructed from local materials and the reactive layer should be embedded in sand layers. [16] .
The rational for the use of citric acid is the well-known increase iron corrosion with decreasing pH value [65, 66] . Cornejo et al. [72] tested three commercially available lemon species as citric sources. Commercial lemon species may content undesirable preservatives and little parts of fruit. Even though these undesirable contents are non toxic, these additives should be regarded as contaminants and will be removed in the filtering system as well. In rural areas natural lemon juice should be at least seasonally available at low cost or cheaper than commercial lemon juices. While testing the ability of citric acid (pK a1 = 3.15, pK a2 = 4.77, pK a3 = 6.40) to sustain reactivity, care will be taken to keep the pH > 4.5 to avoid dissolved Fe in filtered water. Again, this technology is not applicable for the treatment of waters of initial pH < 5. Such waters, known as from acid mine drainage (AMD) are world wide available at abandoned and active mining sites [73] .
Conclusions
The fact that field Fe 0 /H 2 O systems have successfully removed various contaminants from polluted water is a testament to their potential, which is yet to be fully realized. This paper presents a concept to realize this potential at a household level by a simple water filtration on a Fe 0 /sand column. The Fe 0 /sand filter is an innovation combining two proven water treatment techniques: (i) adsorption and co-precipitation in Fe 0 /H 2 O systems, and (ii) size exclusion by slow sand filtration. There is no doubt that a proper material selection and design of the filtration system will contribute to achieve and even exceed the Millennium Development [54] . Rigorously the pathogen removal unit is a conventional BioSand filter in which suspended solid are removed.
